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Block 20. Abstract (continued)

Direct electric discharge exci*ation of electronic states of
stable molecules such as N2 tec produce long pulse, visible
or ultraviolet laser emission.

An additional task was carried out early in this program to evaluate the pos-
sidility of generating long duration, high energy density infrared laser
pulses on various molecules, particularly CO,.

Under this program, the first laboratory observations of laser emis-
sion from HF and DF excited directly by an electric discharge were made.
The effectiveness of vibrational transfer from H2 and D, to HF and DF,
respectively, was also verified experimentally. A quan%itative model of
the kinetics of the electric discharge and the vibrational populations of
H2 and HF was formulated for Ar/Hp/HF mixtures and found to predict a laser
power output that is a factor of 10 to 100 greater than the observed output.
The discrepancy indicates that some aspects of the kinetics of this molecular
system have not yet been determined, such as intermolecular V-V processes,
rotational nor-equilibrium, and superelastic collisions with electrons.

During this program a model for long pulse visible laser emission
from electronically excited molecules was formulated that involves rapid
collisional quenching of the vibrational energy ot the electronic states.
The application of this approach to No electric discharge lasers was ex-
plored through fluorecence emission studies of the Nao(C nu) and NZ(B3ng)
states. In these measurements the effect of the energy pooling reaction,
2 Np(A’th) - N2(X‘Z§) + N2(upper excited state) was studied. The effect of
various additives such as He, Ar, SFg, and CoHg on the populations of several
vibrational levels of each of these excited states was investigated.
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ABSTRACT

This report describes the results of a 2-vear program directed
toward the development of new lasers in the infrared and visible regions
of the spectrum, utilizing electron-beam-stabilized electric discharge
excitation. The program covered two major areas of investigation:

Uirect e =_cric discharge excitation of the vibrational levels
of HF and DF to provide laser emission over the spectral range

from 2.8 to 3.1 um and 3.8 to 4.1 um, respectively.

e 0]

Direct electric discharge excitation of electronic states of
stable molecules such as No to produce long pulse, visible

or ultraviolet laser emission.

An additional task was carried out eariy in this program to evaluate the
possibility of generating long duration, high energy density infrared
laser pulses on various molecules, particularly C02.

Under this program, the first laboratory observations of laser emis-
sion from HF and DF excited directly by an electric discharge were made.
The effectiveness of vibrational transfer from H2 and 02 te HF and DF,
respectively, was also verified experimentally. A quantitative model of
the kinetics of the electric discharge and the vibrational populations of
Ho and HF was formulated for Ar/H2/HF mixtures and found to predict a
laser power output that is a factor of 10 to 100 greater than the oh-
served output. The discrepancy indicates that some aspects cf the

kinetics of this molecular system have not yet been determined, such as




intermolecular V-V processes, rotational non-equilibrium, and super-
elastic collisions with electrons.

During this program a model for long pulse visible laser emission
from electronically excited molecules was formulated that involves rapid N
collisional quenching of the vibrational energy of the electronic states.
The application of this approach to N2 electric discharge lasers was ex-
plored through fluorescence emission studies of the N2(C3nu) and -
N2(B3n ) states. In these measurements the effect of the energy pooling

g
reaction, 2 N2(A3£:) + N2(X’£;) + N2(upper excited state) was studied.

The effect of various additives such as He, Ar, SF6, and C2H6 on the
populations of several vibrational levels of each of these excited

states was investigated.
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SECTION 1
INTRODUCTION

A major advance in high energy density pulsed gas lasers resulted
from the development of large area, high voltage electron beams to sta-
bilize high pressure, large volume electrical discharges (Refs. 1 and 2).
This approach was first applied to C02 lasers and soon thereafter was ex-
tended to cryogenic CO lasers (Ref. 3). At the same time considerable
attention was directed toward the development of high power chemical
lasers which have been based primarily on reactions that produce HF or DF
(Refs. 4 and 5). It was recognized at Mathematical Sciences Northwest
that HF and DF molecules could be pumped in an electron-beam-stabilized
electrical discharge in much the same way that C0, and CO have been and
could yield high energy density laser pulses at 2.8 to 3.0 microns and
at 3.8 to 4.1 microns. This program was therefore initiated to explore
this possibility and led to the first successful demonstration of HF and
DF electric discharge lasers, reported in Applied Physics Letters, 28,
565 (1973), (Ref. 6).

There are several advantages of utilizing HF or DF rather than
CO2 or CO as the laser molecule in an electrical discharge laser; there
are also several disadvantages. The principal advantage of DF is the
high transmission characteristics of the atmosphere at 3.7 to 4.1 microns.
In addition, the HF and DF lasers (like the CO laser) are based on a

partial inversion and thus have a much higher quantum efficiency limit

than COp. Furthermore, it snould be possible to achieve good laser




than C02. Furthermore, it should be possible to achieve good laser
performance with DF initially at room temperature because of its large
anharmonicity and large rotational spacing; CO on the other hand must
be operated at cryogenic temperatures (< 100 °K). The principal disad-
vantage of HF and DF is the high collisional decay rate of the vibra-
tional energy. A second disadvantage of HF and DF is the possibility
of a high electron attachment rate which would require the use of a
very high e-beam current. Both of these disadvantages can be overcome
in principle by utilizing V-V transfer from H2 to HF or 02 to DF in gas
mixtures that contain only a few percent HF or DF.

The investigation of HF and DF in this program has centered
heavily on the HF molecule for two reasons. First, there are very few
suppliers of DF, and the cost is high. Second, the vibrational relax-
ation processes of HF and H2 have been investigated much more thoroughly
in recent years than have those of DF and 02. Thus a good correlation
between theory and experiment will be achieved earlier with HF and will
lead most rapidly to a thorough understanding of the prirciples involved.
However, sone exploratory experiments were conducted with DF and are re-
ported here. The results of the analytical and experimental studies of
HF and DF electrical discharge laser technology are presented in Section
0.

To carry out this proyram a cooperative effort was established
between Mathematical Sciences Northwest, Inc. (MSNW) and Physics

International (PI). The laser technology was provided by MSNW, while
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PI supplied the thermionic electron gun and power supply, and the electrical
discharge power supply and timing circuity (described in Appendix A). The
program included a joint erfort between MSNW and PI to study the character-
istics of electron-beam-stabilized electric discharges, with particular
emphasis on high pressure and long pulse duration. The results of the small
scale expérimental study of high pressure, long duration e-beam stabilized
discharges was described in the First Semi-Annual Report (Ref. 7). Late

in 1972 the collaboration between MSNW and PI was terminated, and the
electron qun and power supplies were purchased by MSNW. The subsequent
developnent of higher current density electron guns based on low pressure,
high voltage, plasma diode technology was carried out by MSNW and is
described in Appendix A.

Unexpectedly, during the initial experimental studies of HF fluor-
escence, a series of repetitive pulses was observed in the near infrared
region of the spectrum when Hy or N2 was present in the gas. Through
spectral analysis, it was found that these emission pulses originate from
excited electronic states of Hy or Np. In the case of Ny these pulses
were identified with the Np first positive band, and in the ultraviolet,
with the Ny second positive band. The appearance, magnitude, duration,
and repetition rate of these pulses were found to depend critically on
the amount cf HF in the gas mixture, although only 0.5 to 3 percent HF was
used. These results were described in Applied Physics Letters 22, 79
(1973) (Ref. 8). As yet there is no definite explanation of .hese obser-
vations; several possible interpretations are included in Section 111 of

this report.




These 1nitial observations of electronic state emission pulses led
to a more detailed investigation of electronic state laser possitilities
in e-beam-stabilized electric discharges. This included the formation
of a new laser concept which offers good prospects for developing high
efficiency, high energy density, visible gas lasers. The concept is
based on the use of preferential collisional processes to provide a two
temperature system, a high temperature among electronic states, and a low
vibrational temperature within each electronic state. The laser inversion
is then achieved between a low vibrational level of an upper electronic
state and a high vibrational level of a lower electronic state. The
application of this new laser concept was first directed toward molecules
such as N2 and CO which have already produced electronic state laser emis-
sion. In this connection the possibility of making use of the energy
pooling process in Ny was also investigated. The results of these studies

are described in Section IIl of this report.
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SECTION I1
HF AND DF ELECTRIC DISCHARGE LASER TECHNOLOGY

2.1. Llaser Concept

This program is directed toward an investigation of the properties
of V-V pumped, infrared active diatomic molecules for use in electric
discharge lasers. Previous work (Ref.9) has shown that V-V pumping is
effective in producing a partial inversion of CO, and leads to high
efficiency conversion of electrical energy to laser energy (Ref. 10).
In some cases the CO vibrational temperature is increased and laser
efficiency is improved by including a significant fraction of N2 in the

gas mixture.

In the 1nvestigation described here this laser principle is ex-
tended to other diatomic molecule pairs such as HE and H,,, DI and D?,
HC1 with n?. and DC1 with N2 or CO. In each case the pair of diatomic
molecules is composed of an infrared inactive molecule and an infrared
active molecule which have reasonably close coincidence of vihrational
enerqgies. The vibrational mode of the infrared inactive molecule is ex-
cited by electron impact in an electrical discharge that is controlled
and stabilized by an external ionization source. The vibrational energy
of the inactive molecule is transferred by V-V collisions to the infrared
active molecule and a partial inversion may be produced in the upper vi-
brational levels of the infrared active molecule.

The spectroscopic constants of a number of candidate molecule pairs
are given in Table I, along with the VT decay time of the laser mole-
cule. The HZ-HF system has the favorable characteristics of large an-

harmonicity, Aev. and large rotational energy level spacing, OR> but

L
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HF has the unfavorable characteristic of short VT decay time, 1 The

o
DZ—DF and DZ-HC1 systems have smaller values of “V end OR, but Targer
values of T By comparison the N2—CO system has very small values

of y and Op»> but very large values of YT
The effect of these parameters is illustrated by an approximate

criterion for a partial inversion in the laser molecule, given by
(] t l2
Ty' >0, (To/40p) (1)

where TV' represents the effective vibrational temperature based on the
population of the lasing level, V', relative to the next lower vibrational
level, V -1. The value of T,' required by Equation (1) for CO at 100 °k
is about the same as that required for HF, 6%! HC1, or DC1 at 300 °k.
Thus the spectrescopic constants indicate that electric discharge lasers
may be achieved at room temperature in the hydrogen and deuterium halides.
In order to reach the required value of TV' in these gases, it is
necessary that the V-V collisional transfer rates must exceed the VT decay
rates by a large margin. The ratio for HF of about 25 is much larger than
1, although it is considerably smaller than the value of about 10s for CO
at room temperature. The effect of the ratio of the VV rate to that of
the VT rate in the hydrogen and deuterium halides is one of the key quec-
tions being addressed in this program and is discussed in more detail
in subsequent portions of Section II of this report.
A second requirement in achieving a high vibrational temperature,

TV', in the gas mixture is efficient transfer of the electric discharqe

enerqy to molecuiar vibration. The cross section for electron impact




excitation of the V=1 level of H2 (Ref. 16) is compared in Figure 1 with
L.ae integrated cross section for the first 8 levels of N2 (Ref. 17).
Excitation of the V=2 level of H2 is an order of magnitude smaller than
that for V=1. It is seen that the peak cross section for H2 vibration
is abcut one-seventh that for N2 vibration, although the H2 Cross sec-
tion covers a wider range of electron energy. The efficiency of vib-
rational pumping of H2 in an electric discharge i5 then dependent on

the relative magnitude of the competing energy loss processes. These
include elastic collisions, rotational excitation, and electronic
excitation. The inelastic cross sections for rotational excitation

(Ref. 16) and for excitation of the lowest electronic state, the repul-
sive b3£u+ state of H2 (Ref. 18) are also shown in Figure 1. It is
apparent that very low electron energies or very high electron energies
would be inefficient in exciting H2 vibration. In Section 2.2 a detailed
analysis of this problem is described, and it is shown that satisfactory
vibrational excitation can be achieved over a range of intermediate
electron energies; the maximuri vibrational pumping efficiency of H2 is
about 65 percent.

Since the preceding discussion indicates that the basic require-
ments for producing a partial inversion laser on HF, DF, HC1, or DCI
appear (qualitatively) to be met, it is natural to ask why this has not
been accomplished previously in the laboratory. There are two principal
reasons. The first reason is associated with the low lyina, repulsive
excited electronic states of these molecules. In self-sustained electric

discharges, the electron energy must be sufficiently high to produce the
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required rate of jonization. Under these conditions a large fraction
of the discharge energy produces molecular dissociation and only a small
fraction goes into molecular vibration. In addition, the atoms then
add to the already rapi« «T decay rate. It is therefore essential to
use an external jonizing source and a low electric discharge voltage

in order to achieve high vibrational excitation and low dissociation.
The second reason is associated with the relatively low electron impact
vibrational excitation cross section and the large VT decay rates of
these molecules. In order to achieve a vibrational pumping rate that
sufficiently exceeds the VT decay rate, it is necessary to provide an
electron density of the order of 10”cm'3 or more in “he electric dis-
charge. Only recently have external ionizing techniques been developed
that will provide the required electron density. With this new techno-
logy, a new class of molecular laser possibilities may be realized.

One additional pnysical process plays a key role in the development
of these laser possibilities. Since an external ionizing source is
necessary, the requirements on this source may be affected strongly by
electron attachment losses to HF, DF, HCl, or DC1. For example, the
dissociative attachment cross section for HCl is about 2 x 10-18 sz
(Ref. 19) at an electron energy of 0.5 to 1 eV. Thus a partial pres-
sure of 2 Torr of HC1 in the gas mixture will lead to an electron den-
sity decay time of about 10-7 sec. This is about a factor of 10
shorter than that due to dissociative recombination (for an electron

M)
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density of 10 cm ) and will require a corresponding factor of 10

increase in the electron beam current density used for jonizing the gas.




Due to the greater bond strength of HF and DF, the electron attachment

rate should be smaller than for HC1 and will have considerably less
impact on the requirements of the external ionization source. This
has been investigated experimentally as discussed in Section 2.4.

A more detailed analysis of this concept as it applies to H2-HF
mixtures is given in Sections 2.2 and 2.3. A series of laser emission
experiments is described in Section 2.4 which serves to cor€irm the
basic principles involved. Probe laser absorption and gain measure-
ments, made on a number of HF vibration-rotation Tines, are described

in Section 2.5. Finally in Section 2.6 the experimental data are

compared with the computer model.

2.2 Analytical Model of Electrical Excitation Processes

The H2/HF molecular system was selected in this program to be
the focal point for development of a detailed analytical model repre-
sentative of infrared electric discharge vibration transfer lasers.
This choice was based on the extensive infcrmation already available
for H2 and HF and on the close analogy with the Dz/DF system which
provides a good laser emission wavelength range. The analysis is
divided into two basic components: first, the electrical discharge
excitation of the molecular system as described in this section, and

second, the vibrational kinetics and optical inversion and extraction

characteristics of the molecular system as described in Section 2.3.
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In carrying vut the electricel discharge excitation analysis
of H2/HF/d11uent mixtures, it was recognized that only a very small
fraction of HF would be used (less than 1 percent) and, to first
order, HF could be neglected in solving the electron Boltzmann equa-
tion; since the electron mmpact excitation cross sections for HF are
not yet known, accurate values could not be included anyway. In
addition, because of the need for a high discharge current and the
Timitations on the e-beam current densities presently available,
argon was selected as the best diluent. Thus the electron Boltzmann
equation has been solved for argon-hydrogen mixtures using the best
currently available experimental data for electron impact cross

sections.

2.2.1 Momentum-Transfer and Inelastic Cross Sections

The momentum-transfer cross sections for electron impact on H2
and Ar are shown in Figure 2. The curve for Ar was used by Engelhardt
and Phelps (Ref. 20) in a study of H2/Ar mixtures, whereas the curve
for H, 1s based on the Engelhardt and Phelps study of H, (Ref. 21).
The inelastic cross sections for H2 and Ar are shown in Figure
3. The total rotational excitation cross section of H2, obtained from
Linder and Schmidt (Ref. 16) is for a j = 1 - j = 3 transition. This
is satisfactory at room temperature since most of the H2 is in the
j = 1 state. The value of this cross section is an order of magnitude

larger than that used by Engelhardt and Phelps (Ref. 21). The vibra-

tional excitation cross section of H2 is for the v = 1 state; the cross
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Figure 2. Momentum Transfer Cross Sections for H2 and Argon




Jy pue CH 404 SUOLIDAS SSOJ4) DL3Se|au]

A2 “ADY3INI NOYLI3T3
0¢ 8l 9l 14¢ el oL

*¢ dunbiy

NOILYZINOI “H

NOILVLIOX3
JINOYLI3TI H

s

NOILYIJ0SSIO °H

14

NOILVZINOI Snd
NOILVLIOX3 NOOYY

ﬁmn_w&._.u
NOIIVL

(L =A)
NOTLYHEIA

[)
0¥ H

°H

<0

'-D' =T
o o
W9y 0L “NOILI3IS SSO¥I JILSVIINI

==]
=

o
—

Al |

vl




15

section for excitation of v = 2 is believed to be an order of magni -

tude smaller than that for v = 1 and is currently being neglected since no
experimental data have been found. The electronic excitation cross
section of H2 is for the process XIX;-+bsz: which leads to dissociation

of H2. A characteristic electron energy loss of 10 eV is assumed.

ATso shown are cross sections for excitation of upper electronic states

of H? which lead to UV emission and for direct ionization of H,, both

2!
from Enge'hardt and Phelps (Ref. 2l

The inelastic cross sections for H2 described above have been

used together with a computer program that solves the Boltzmann equa-

tion to determine electron transport properties in pure H The

2"
resulting values of characteristic energy, ¢, = etD/v, agree satis-

factorily with experimental data (Ref. 21), but computed values of the
drift velocity, v, are low by 2 to 5 percent, as shown in Figure 4.

Thus, completely satisfactory values of the cross sections of H2 have

not yet been found.

The inelastic cross section for electronic excitation plus ioni-
zation of argon is taken from Engelhardt and Phelps (Ref. 20). A
characteristic electron energy loss of 12 eV is assumed for this pro-

cess. Good agreement is obtained between computed and measured trans- :

port coefficients in pure argon as shown in Figure 5. In Figure 6, the
close agreement between our electron distribution function for pure
arqon with that of Engelhardt and Phalps (Ref. 20) is evident at an E/N

RY 2
of 4 x 10 V-cm .
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It is concluded on the basis of these comparisons that the MSNW
computer program for solving the electron Boltzmann equation is work-
ing satisfactorily and that the cross sections used are in reasonable
agreement with existing experimental data. Thus the program can be
applied with confidence to the calculation of energy partitioning in

H2/Ar mixtures.

2.2.2 Energy Partition in Electric Discharges in H2/Ar Mixtures

Using the cross sections for electron impact excitation of rota-
tion, vibration, and dissociation of H2 described in the previous sec-
tion, the Boltzmann equation was solved for a 10/90 H2/Ar mixture.

The computed drift velocity and characteristic energy are shown in
Figure 7. It is seen that the characteristic energy agrees with the
experimental results of Engelhardt and Phelps (Ref. 20), whereas the
drift velocities are 2 to 4 percent too low for E/N < 6 x ]0'17 V-cmz.

The fractional power input to the elastic and inelastic processes
for a 10/90, Hz/Ar mixture, based on the above Boltzmann solution, is
shown in Figure 8. It is seen that the optimum power transfer to the
vibrational mode of H2 occurs for E/N between 0.4 and 0.6 x 10'16 V—cmz.
At these values of E/N it is seen in Figure 8 that the best electrical
efficiency expected for pumping H2 vibration is about 65 percent;
rotational heating is seen to be quite significant (about 25 percent).

The effect of this distribution of the electric discharge energy is

examined in Section 2.3.
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2.2.3 Processes Omitted in the Present Model

A number of processes that may be significant has been omitted
in the present electrical excitation model, of which three are of
particular concern. First, direct excitation of HF vibration (and
rotation) by electron impact is expected to occur, and apparently is
observed in laser experiments as discussed in Section 2.4. However,
the cross sections as functions of electron energy are not yet known
and therefore can only be {ncorporated into the computer model in a
parametric fasnion. Second, further collisional excitation of already
excited vibrational (or rotational) states of H2 by electron impact
has not been included because the cross-section information is not
available. Since the degree of vibrational excitation of H2 must be
quite high for this laser mechanism to be effective, further excita-
tion of the v = 1 or v = 2 levels may be significant in the kinetic
model. Third, we have not included the effects of superelastic colli-
sions whereby cold electrons collide with excited vibrational states
of H2 and de-excite the molecules, heating the electrons. The effect
of this process on the present model was examined for a specific case
and found to cause only a few percent change in the fraction of the
electric discharge power put into vibration. However, the upper
vibrational levels of H2 may become inverted and superelastic colli-
sions with electrons could then become a very significant depopulation

mechanism.
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2.3. gnalEtical Model of Molecular Transfer
and Loss Processes
2.3.1. Time Dependent Vibrational Population
ate Equations

A simplified kinetics model has been developed to study the vibra-

tional relaxation of Hp and HF in the presence of argon. The anharmonic
oscillator model was used to describe the vibrational levels of H, and
HF. Seven vibrational levels were considered in HF, with the seventh
lTevel being a reflecting boundary, whereas six levels were considered for
Hp, with the top level containing a sink.

Relaxation mechanisms considered were intra- and inter-molecular
V-V transfer and V-T decay. In addition, the rotational relaxation of
Hy and HF were considered since the rotational relaxation times are com-
parable to the time scale of vibrational relaxation, and are important
for determining the gain coefficients which are a function of the rota-
tional distribution,

The complete kinetic equations were simplified somewhat by assum-
ing that only the first excited vibrational level of HF or H2 was respon-

sible for pumping the higher levels by intra-molecular V-V transfer,

e.g.,
Ni(v =1) Ny(v=n)2 Ni(v=0) + Ni(v =n+1) (2)

The inter-molecular V-V transfer mechanism was 1imited to the exchange
of one quantum from the first two excited levels of Hp with all levels

of HF, e.q.,

Ha(v = 1) + HF(v = n) 2 Ho(v = 0) + HF(v = n + 1) (3)



H2(v =2) +HF(v = n) T Ho(v=1) + HF(v = n + 1) (4)

In the case of V-T relaxation, the following mechanisms were included:
HF(v) + M2 HF(v - 1) + M (5)
Ho(v) + M2Z Hp(v - 1) + M M = HF, Hp, Ar (6)

The kinetics of the rotational energy were treated by assuming
a Boltzmann distribution for the rotational energy at one rotational
temperature for both Hy and HF. The relexation of the Hy rotational
energy included only Hy as a catalyst, and the HF rotational energy was
assumed to be in equilibrium with the H, rotational energy.

The electric discharge excitation rates of rotation, vibration,
and "elastic" energy transfer were obtained from a solution of the
Boltzmann equation for a given E/N and mixture composition, as described
previously in Section 2.2.

In the case of a lasing mixture, the radiative relaxation of
the HF vibrational states was determined for laser intensities which
satisfied the laser cavity boundary conditions.

The system of equations to be solved for constant density cases

dN; (v) dN; (v) dNi(v) dNi(v)
at < at >V—V+<Tt >v-r+—H_t electron

pumping

(7)
v+l dy+1 _ Oy

A£v+] Aev
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dE
rot - ] [E(T) A E(T )] + dErOt (8)
dt T vk rot dt / electron
pumping
dT 1 dN:(v) dE M
Sy sl E. g rot . Sell . B
t NC,, [;%v 1(V) dt i dt Zv Agv Pin (9)
where

E.(v) = energy of level v for species i
Ae,, = energy of radiative transition from level v to v -1

N;(v) = density of level v of species i

Erot = rotational energy density
Trot = rotaE1ona1 temperature
= 9 9 n s AN
Ptherma] = volumetric heating due to "elastic" energy transfer
Pin = volumetric power input

2.3.2. V-V and V-R,T Rate Constants

The required rate coefficients for the theoretical modeling for
complete calculations of the behavior of HF lasers were compiled from
the best available data ip the literature. For reactions where no data
exist, the rate coefficients were given reasonable estimates.

In the HF/HZ/Ar gas mixture, the most important reactions involve
the HF/HF V-V ladder climbing, the HF V-R,T decay, the inter-molecular
HF/H2 V-V exchange, and the H2 V-R,T decay. The vibrational decay rates
for HF/HF reactions were measured recently (Ref. 22) by Osgood, Sackett,
and Javan for vibrational quantum numbers up to 4. However, their decay

rates involved the sum of the V-V and V-T decay rates and therefore




required an assumed variation of the V-T decay rate with vibrational
quantum number, with the v = 1 V-T decay rate being known from measure-
ment. The V-T rate for higher levels was assumed to be proportional to
*
VV)
for the production of quantum levels 3 and 4 were then just below the gas

the square of the quantum number; the resulting rate coefficients (K

kinetic 1imit. The results of this assumption are shown in Figure 9.
A summary of the rate data extracted from the literature is
given in Table II, and the additional, assumed rates are given in Table

I1I.

2.3.3. Optical Constants

The small signal gain, 9> at the line center for a P(J) transi-

tion (v v -1;0-1+J) is given by

A2 B -J(J-1)B
9o = =0— A VY (2J-1) exp [;_f_?_l_!] X

(10)

8n Tr r

alv-1) (BV'1>x exp<:d(a+1)sv_] + J(J-1)BV> n(v)6(v,)
n(v) By Tr

line shape function = 2/In2 exp(a?) erfc(a)
vy \)p

Avc

= ZG; v2n2

% -
= |§EI§D§] 1 » Doppler full width at half-maximum, sec™’

m Xg

v
7?, Lorentz full width at half-maximum, sec™!

optical broadening collision frequency, sec
transition probability for radiation (Ref. 26)
molecular density of vibrational level v

= rotational temperature
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Table II

Summary of Hp/HF V-V, V-T, and R-T Rate Data from the Literature '

(a)
Reaction Rate ?onstagf Reference
(sec™" torr™!)

HF(1) + HF »+ 2HF(0) (in argon) 8.7 x 10* (b) 23

HF(1) + HF + 2HF(0) (in pure HF) 5.6 x 10* (b) 22

HF(1) + Ar » Ar + HF(0) 60 (b) 23
12

HE(T) + Hy » HF(0) + H, <1 x10° (b) 23
k21

Hp(1) + HF + Hy(0) + HF s2x10° (b) 23

Ho(1) + Hy = 2H,(0) 4.5 (b) 24

(1) + HF(0) ~ HF(1) + Hp (0) 8.3 o 19¥ () 23

HF(2) + HF(0) - HF(1) + HF(1) 8 x 10° 22

HF(3) + HF(0) - HF(2) + HF(1) 136 % 0* 22

HF(4) + HF(0) - HF(3) + HF(1) T4 % 10° 22

HE(1) + Ny = HF(0) + N, 1.25 x 107 23

Hp(J=3) + Hy > Hy(d=1) + H, 6.1 x 10* (d) 25

(rotational relaxation)

(a) Rate = Ky-g,T * Ky_y » unless otherwise noted.

(b) Rate

n
<

(c) Rate

(d) Rate
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Table 111

Summary of Additional, Assumed Rates for the
Ho/HF Kinetic Model

RATE CONSTANT
REACTION ( torr=")

HF(4) + HF(1) > HF(5) + HF(O) 6 x 109 gas kinetic
HF(5) + HF(1) > HF(6) + HF(0) 6 x 106 L
HE(v) + > HF(v-1) + M (v # 1) Ky & ¥2

Hp(1) + Ha(1) + H,(2) + Hy(0) 2.14 x 10

Ho(v) + H2(1) ’ H2(v+1) + HZ(O) Ky-y « V

Ha(2) + HF(0) » Hy(1) + HF(1) Kyy o V

Bv = rotational constant for vibrational level vy

The Lorent:z broadening due to the collisions of HF with itself

and other species present in the mixture (Hy and Ar) is given by

d=" :
A\)C—;Zi JC (HF,]) (]])

In Figure 10, experimentally determined half-widths (1/2 of the
full width at half-maximum) for HF self-broadening, H2 broadening, and
Ar broadening are plotted versus Im|, where |m| = J for P-branch transi-
tions, and [m| = J + % for R-branch transitions. It is seen that the
HF self-broadening has the character of the resonant dipole interaction

model, although the theory over-estimates the broadening for low |m|

values.
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The room temperature data of Lovell and Herget (Ref. 27) were used
for the self-broadening of HF, with the temperature dependence deter-
mined by the theoretical resonant dipole-billiard ball model fitted to
their data. Collision broadening by Ho and argon was based on the data
of D.F. Smith (Ref. 28) at 100 °C, with the temperature scaled by T~
which assumes constant broadening cross sections. This scaling was

verified by comparison with the HF/Ar cross sections at 293 °K obtained

by Oksengorn (Ref. 29).

In the measurement of the gain (absorption) of HF mixtures con-
taining argon, the effect of the line shift due to argon must be con-
sidered since the line center of the mixture may not coincide with the
line center of the probe laser. This line shift is comparabie to the
Lorentz half-width. The line shifts due to the presence of Ar and Hf
are given in Table IV. These line shifts were scaled with a T **® de-

pendence based on the data of Reference 29.

Table IV

Frequency Shift of HF Lines by HF and Ar Collisions

Line Line Shift (cm™'/atm)

(a) (b)
R(0) HF/Ar (Ref. 29)  HF/HF (Ref. 27)
R(0) + 0.0128 + 0.036
R(1) - 0.0198 not measured
R(2) - 0.0222 - 0.012
R(3) - 0.0259 not measured
R(4) - 0.0280 - 0.018
R(5) - 0.0289 - 0.014

() T =20 °C. (b) T =100 °C.
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The effect of this shift on the probe laser measurements is
shown graphically in Figure 11. It is seen that by using a Tow pres-
sure probe laser (wprobe A S vacuum) to study an HF mixture at 200
torr the measured gain or absorption would be only 50 percent of the
value at line center. By operating the probe laser with helium as
the buffer gas the measured gain is estimated to be 78 percent of
the peak gain. This approximation is based upon comparisons of 1-0
P(8) absorption data with a calibrated-volume-flow measurement of the
HF concentration (see Sect. 2.5.1). A1l of the data was reduced in

this manner, using a factor of 0.78 to correct for the effect of line

shift,

2.3.4. Small Signal Gain Calculations

The gain coefficien.s for various mixtures of HF/HZ/Ar at 200
torr pressure were obtained for energy input rates from 1.5 to 4.6 kW/
cm® and for 20 psec duration. This energy was distributed among the
various internal energy modes for an E/N of 0.7 x 10°'® V-cm?, which
resulted in the maximum amount of energy (65%) going into the Hy vi-
brational excitation.

It is seen in Figure 12 that the highest gain, for a 0.15% HF
mixture, was achieved for the high power input (4.6 kW/cm’) although

this resulted in the shortest duration for a nositive gain coefficient.

The duration of positive gain is essentially determined by the amount
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Figure 12. Computed HF Optical Gain Versus Time During a
20 usec Electric Discharge Excitation Pulse




35

of gas heating, which, in the case of the high power input, amounted
to about 240 °K temperature rise by the time (14 usec) the gain coeffi-
cient became negative on the 2 - 1 P(8) line.

Figure 13 shows the time history of the population of vibrational
levels for v = 1 to v = 3 at two power levels, 1.5 and 4.6 kW/cm3. It
is seen that after the initial rapid rise, the populations reach quasi-
steady levels, with the values at low power input being 60 to 80% of
the values at high power input, although the pumping rates differ by a
factor of three.

The effect of concentration of HF for a given power input is seen
by comparing the maximum gain coefficients for the v = 3 » v = 2 and
v=2=v =1 transitions for 0.15 percent HF (Figure 14) with those
for 0.4 percent HF (Figure 15). For the 0.4 percent HF concentration
the gain coefficient reached a maximum on the P(9) lines whereas P(8)
was the maximum at 0.15% HF. Since the rotational and translational tem-
perature history of both cases were essentially the same, the higher
rotational quantum number required for tue maximum gain on the 0.4% HF
was due to the smaller ratio of the upper to lower vibrational level
concentrations (Nv/Nv-l)’ when compared to the 0.15% HF case. Except
for the shift in rotational line, it is seen that the maximum gain and
the time dependence of the gain coefficient are computed to be roughly

the same for the two different values of HF concentration.
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Figure 14. Computed HF Optical Gain Versus Time During
a 20 usec Electric Discharge Excitation Pulse
in a 0.15 Percent HF Mixture
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Figure 15. Computed HF Optical Gain Versus Time During a 20 usec

Electric Discharge Excitation Pulse in a 0.4 Percent
HF Mixture
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Effect of Direct HF Pumping

In order to study the effect of direct electron impact pumping
of HF on the temporal behavior of the HF gain coefficient, a fractional
power ranging from 0.5% to 3% was assumed to be added directly to HF
vibration by the electric discharge. This energy input was distributed
to the first and second vibrational levels of HF. The results of this
analysis are shown in Figure 16. It is seen that the 0.5% energy input
into HF(v = 1), which implies that the inelastic collision frequency of
electrons with HF is about 1/2 of that for H2, only slightly alters the
gain history. However higher input rates, including pumping of the
first two HF vibrational levels, lead to much higher peak gain coeffi-
cients and earlier crossover times (crossover from negative to positive
gain coefficient). At the highest direct pumping rate, 1.5% of the
total power into each of the first two HF vibrational levels, the gain
coefficient becomes positive after less than 0.1 psec of pumping.
These results, together with the experimental observation that the
laser onset time was 5.5 usec for a high Q cavity (gthreshold = 0.1%/cm),
suggest that less than one percent of the electrical discharge power
goes into direct HF vibrational pumping. However, this conclusion is
quite tenuous because many effects were not included, for example the
effects of superelastic collisions of electrons with HF and the effects

of direct rotational excitation of HF.

2.3.5. Laser Emission Calculations

The maximum laser power output on two adjacent vibrational
transitions as a function of power input was analyzed for a 50-cm length

optical cavity and 10 percent output coupling. It is seen in Figure 17
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Figure 17. Computed Peak Laser Power Output Versus Power Input for
Several HF Laser Gas Mixtures




that the peak power output for the 0.4% HF mixture is 4 to 6 times more

than that for a 0.15% HF mixture at equivalent power input levels, even
thoush the low intensity gain coefficients are within 30% for the two
mixtures.

The computed efficiency of power extraction for the 0.4% HF is
about 7%, whereas for the 0.15% HF the efficiency varies from 2% at low
power levels to 1% at high power levels, as seen in Figure 18. This ef-
ficiency is representative of the power output at peak power; however
the overall efficiency is lower since the laser turn-on time varies from

5 usec at high power input levels to 9 usec at low power input levels.

2.4, HF and DF Laser Emission Measurements

2.4.1. Experimental Arrangement

Laser cavity tests were conducted using all three of the electron
beam configurations described in Appendix A. No laser emission was ob-
served using the short (14 cm) optical path thermionic cathode electron
gun, as described in the first semi-annual report (Ref. 7). Laser emis-
sion was first observed in HF and DF electric discharges using the 5-tube
plasma diode electron gun. Following this, laser output measurements were
also made using the uniform, rectangular (10 cm x 50 cm) plasma diode
electron gun. The optical arrangements for both of the 50 cm long de-
vices were the same and are discussed here as applied to the 5-tube plasma

diode.

In Figure 19 a schematic is shown of the electron-beam-stabilized

electric discharge chamber together with the optical arrangement used for
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high-Q laser cavity tests. A flat aluminum screen was located adjacent to

the e-beam foil window and served as the discharge cathode. A rounded,
5-cm x 50-cm aluminum anode was supported by insulating feed throughs
mounted on the rectangular aluminum discharge chamber. An electrode
spacing of 2.5 cm was generally used. A premixed laser gas mixture was
introduced at one end of the discharge chamber and removed at the opposite
end. With a chamber pressure of about 200 torr the gas flow provided a
time interval of about 2 minutes to replace the gas volume in the chamber.
The optical arrangement included two 5-cm diameter CaFs windows at
the Brewster angle (55 degrees) and two 2.5-cm diameter gold-coated mir-
rors spaced 1.5 meters apart and each having a 2-meter radius of curvature.
The clear aperture was about 2.0 cm in diameter. This provided a stable,
high-Q resonator that covers a broad wavelength range. The laser cavity
intensity was monitored by directing the light scattered by one of the
CaF) windows into a 1/4-m Jarrell-Ash monochromator with a spectral resolu-
tion of 0.002 ym. The monochromator signal at the exit slit was monitored

by a cooled (77 °K) gold-doped germanium detector.

Gas Handling System

The gas handling system is shown schematically in Figure 20. The
hydrogen fluoride purification system was constructed out of monel tubing
and cylinders; however, brass and steel valves were used for controls.
Prior to use, the entire vacuum system for HF handling was passivated
using C1F5 at 1 atmosphere pressure. A small oil diffusion pump provided
2 107" torr vacuum in the entire purification section. Heating tape was

wrapped around the monel tubing sections, and dewars with boiling water

were used to bake out the monel storage bottles in order to speed the pump
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down operation. An NRC thermocouple gauge was used to monitor pressures
below 1 torr, and a Marsh Instrument Co. Type 100 M, monel gauge could be
used from 10 torr up to a pressure of 30 psig.

For safety reasons, the chlorine trifluoride and hydrogen fluoride
supply tanks (Matheson Gas Co.) were installed outside the building, but
adjacent to the fume hood used for gas handling. Hydrogen fluoride was
withdrawn from the storage tank and frozen down at liquid nitrogen tempera-
tures into one of the monel storage tanks. All non-condensible gases were

pumped away by the diffusion pump to a pressure (measured by the NRC gauge)

of 107" torr. By replacing the nitrogen coolant with a dewar filled with a

chloroform slush, the HF could be brought up to its equilibrium vapor pres-
sure (approximately 12 torr) at the chloroform melting point (-63.5 °C).
Liquid nitrogen was gradually mixed with the chloroform to maintain it at
this temperature. Approximately 2-3 percent of the HF was discarded once
it had reached 15-25 torr vapor pressure, and a bottom fraction of 5-10
percent also was not used at the completion of the distillation from chlor-
oform slush temperature to another monel tank held at liquid nitrogen tem-
perature. Occasionally a second distillation was performed, but no signif-
icant change in discharge behavior or 1ight emission characteristics was
observed when this was done.

Any HF gas to be disposed of was collected and frozen in a trap
(Tp, Figure 20) and was then removed by warming the trap to room tempera-
ture. Dry nitrogen or helium was used to flush the HF through a soda
lime reactor and was exhausted to the itmosphere. After 5 to 10 minutes

of this gas purge, the trap was evacuated by the mechanical pump.
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Argon (Airco 99.995 percent), hydrogen (Airco, 99.999 percent), and
nitroaen (Airco, 99.99 percent) gases were used without further purifica-
tion. The HF was used from the monel storage vessel at an HF pressure of
500 torr and mixed with the Ar/Nj or Ar/H, gas in a flowing system. Monel
tubing was used to carry the HF to the mixing station and the mixture to
the test section. A short length (50 cm) of polyethylene tubing was used
just prior to the test section. The test cell filling rate was approxi-

mately 100 torr/minute. Exit gases were passed through a liquid nitrogen

cooled trap (T1), and later transferred to trap Tp for dispcsal at the

conclusion of an experiment.

Electric Circuitry

A block diagram of the electrical system built for the five tube
plasma diode and the electrical discharge cell is shown in Figure 21.
The electron gun vas driven by a 4 stage Marx bank which was initiated
with no delay by the gate output of an oscilloscope. The effective
capacitance of the Marx bank was 0.1 uf at a voltage of about 130 kV.
The same oscilloscope gate output fired both the electrical discharge
bank (100 uf capacitor) and the electrical discharge dump through vari-

able time delays.

2.4.2. Measurements of Electron Attachment to HF

The effect of electron attachment to HF was determined experi-
mentally by measuring the electrical discharge current in the test cell
as a function of HF concentration. This was carried out initially in
the 10-cm x 10-cm thermionic cathode electron gun facility. The basic

gas mixture used was 20% hydrogen, 80% argon at a pressure of 190 torr.
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Figure 21. Block Diagram of the Electric Circuitry Used with
the Plasma Diode Electron-Gun and Electrical Dis-

charge Cell




A voltage corresponding to a value of E/N of 2 x 107" *V-cm® was applied
to the test chamber. The electron beam was operated at a voltage of 125
kV and an average current density in the gas of 2 mamps/cm?. The initial
data obtained in this facility indicated an electron attachment rate coef-
ficient for HF of 1.5 x 107" %cm¥/sec, as described in more detail in the
First Semi-Annual Report (Ref. 7).

Subsequently, more careful measurements of the HF concentrations
and the e-beam current density were made in the higher current ceramic
and five-tube plasma diode devices and yielded considerably higher values
of the attachment rate; a value of 107  'cm’/sec was obtained in Ar/Hp/HF
(89/10/0.2) mixtures at values of E/N ranging from 0.5 to 1 x 107! ®V-cm?.
This rate is based on a calculation which uses the measured discharge
current density without HF present to equate the e-beam production rate
(Je ZgiNi) to the dissociative recombination rate (aNéo). Neo is the
value of the electron density without HF, and is derived from the dis-
charge current, J,, where Jo = Neo Vqu. The electron density with HF
present, Nq, is found in an identical fashion from the discharge current,
JHF = Ne VD Q- By balancing the electron production and loss rates at a
known HF concentration, the following equation was solved for the HF at-

tachment rate, 8,

2 B 2
aNe = aNe ¥ BNeNH (12)

0 i

Values of 3 x 10° cm/sec and 1.1 x 10”7 cm®/sec were used for v_ and «.

D

respectively. The results are summarized in Table V.




Electron Attachment Rate Coeff
Current Measurements in H

Table V

icients Obtained From Discharge
F Gas Mixtures at 200 Torr

GAS MIXTURE g e E/N 3
(A/cm?) (V-cm?2) x 10'6 (cm3/sec)

Ar/Ho, 90/10 12.3 0.4

Ar /Hp/HF, 89.65/10/0.35 9.3 0.6 0.7 x 107"
Ar/N,, 90/10 11.9 0.5

Ar/N,/HF, 89.7/10/0.3 11.2 0.5 gx mE
Ar/H,, 90/10 8.8 0.4

Ar/Hy/HF, 89.85/10/0.15 6.1 0.5 1.6 x M0***
Ar/Hy, 90/10 1.2 0.8

Ar/Hp/HF, 89.85/10/C.15 9.2 0.9 1.04 x 107"°
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It is surprising to find that the HF attachment rate coefficient in
Ar/Hp/HF mixtures is so large (about 10"°cm3/sec). However, the thres-
hold energy for the attachment process (e + HF -~ H+ F™) is 2.4 eV and
the characteristic electron energy at an E/N of approximately 0.7 x 10°'¢
V-cm? is 2.0 eV for a 90/10 Ar/H2 mixture (Section 2.2). Therefore, a
significant portion of the electrons will have energies in the range neces-
sary for dissociative attachment of HF. Nitrogen can effectively reduce
the electron distribution function at energies above 2 eV for a 90/10
Ar/Np mixture, and, as seen in Table V, the attachment rate measured at
moderate values of E/N (0.5 x 10'16V-cm2) in Ar/NZ/HF (89.7/10/0.3) mix-
tures is smaller by a factor of about 5 than in Ar/Hp/HF mixtures.

The attachment rate for HF(v = 1) can be higher than for HF (v = 0),
since approximately 0.5 eV of the 2.4 eV threshold enzrgy is available in
the vibrational erergy mode of the molecule. Electron attachment for
vibrationally excited HF could have a high probability due to the cross-
ing (Ref. 30) of the calculated HF and HF- potential curves. Since the
HF™ potential energy curve is repulsive, dissociative attachment will re-

sult. This mechanism would lead to an increasing attachment rate as the

HF vibrational excitation increases. However, the decrease in the dis-

“haige current with added HF is uniform t".roughout the current pulse,

rather than steadily changing; thus the effect of HF vibrational excita-

tion on the attachment rate is not noticeable in the present experiments.

It is concluded from these measurements that a high electron beam

current density is required to provide a high electron density in the

presence of high HF concentrations. However, the attachment problem




with HF is considerably less severe than it is for HC1, which exhibits a

rate coefficient of 107" "cm/sec in an Ar/N,/HC1 (89/10/0.3) mixture
(Ref. 31).

2.4.3. Time Resolved Spectral Measurements of
Laser Emission in HF and DF Mixtures

Laser emission from HF was not observed in the initial experi-
ments that were carried out in the thermionic cathode eleccron gun
facility. This was due to the short optical path (14 c¢m) and to the
low e-beam current density in the gas (5 to 10 ma/cm®) which resulted
in a low discharge current. To overcome these Timitations the 5 tube
plasma diode electron gun facility was constructed which provided a
total optical path of 50 cm and an average e-beam current density of
25 to 50 ma/cm?. Tre laser cavity experiments were conducted using

the arrangement described in Section 2.4.1.

Laser cavity oscillation was verified by observing a crhange in
intensity of more than 3 crders of magnitude when the cavity mirror
furthest from the detector was blocked. A means for uvptimizing the
laser cavity mirror alignment, at the HF laser wavelengths, was found
using chemical laser emission from a mixture of Ar/HZ/SFG. This mix-
ture will lase for a time duration of about 50 usec using the electron
beam alone to dissoriate SF6 and produce vibrationally excited HF by
chemical reaction. Following the mirror alignment procedure laser
emission was observed in Ar/Hz/HF mixtures by V-V pumping using an
e-beam sustained electric discharge to vibrationally excite H2. Laser
emission from HF was also produced in Ar/Nz/HF, NZ/HF and Ar/HF mix-
tures, and from DF in Ar/Dz/DF and Ar/DF mixtures. In the following

paragraphs the dependence of HF 2ad DF laser emission on gas mixtures
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and discharge parameters is discussed along with the laser wavelengths ob-

served and possible mechanisms responsible for these observations.

Ar/Hp/SFg and Ar/Ds/SFg Chemical Laser Emission

Dissociative electron attachment of Tow energy electrons in SF6 is

an effective way of producing F atoms for the chemical laser reaction
.i.

F +Hy > HF' + H. Hence we found that the 5-tube plasma diode electron
beam source was sufficient to produce HF laser emission in Ar/Hp/SFg mix-
tures, without the use of an applied electric field. The application of
an electric discharge voltage caused no change in laser emi=sion and drew
no measurable discharge current because of the high electron attachment
rate constant for SFg. An Ar/Da/SFg nixture readily produced DF laser
action as well,

A typical oscilloscope trace is shown in Figure 22, indicating long
pulse laser emission at high pressure (200 torr), which would provide a
useful probe laser. A single plasma diode tube having an effective ex-
citation path length of only 8 cm was also used to produce HF laser emis-
sion. The chemical laser output Tasted about 50 usez, corresponding to
the duration of significant electron beam current through the foil.

Detailed spectral measurement of the emitted laser lines were made
using an 87/10/3 Ar/H2/5F6 gas mixture at 200 torr. The observed lines,
using the entire plasma diode, are given in Table VI. Although the lines
observed here are not the same as those observed in the HF electric dis-

charge laser (see below and Table VII), it is very likely that a cavity

with a grating could be used to select the d--ired lines. This approach

would provide a useful probe laser, since it can be operated at the same
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HF Laser Emission on A1l Lines from Ar/Hp/SFg Gas Mixtures
at 200 Torr Pumped Directly by External Electron Beam Ex-

citation Alone (

Time Scale - 20 usec/div)
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pressure and with the same diluent gas as used in the electric discharge
laser, thereby providing the same line shift. In addition the long dura-
tion of this chemical probe laser would permit optical gain or absorption

to be measured throughout the electric discharge pulse.

Table VI

Spectroscopic Measurements of Chemical Laser Emission
in Ar/H2/5F6 Mixtures

(Gas Pressure 200 Torr)

Transition Time Duration
v P(J) Wavelength, um (usec)
2-1 5 2.795 6-16
6 2.832 13-42
3-2 5 2.926 7-23

*
Relative to start of electron beam pulse.

Ar/H,/HF and Ar/dF Electric Discharge
Laser Emission

In accord witn the theoretical predictions on which this experimental
work was based, HF laser emission at 2.8 to 3.1 um was produced by electric
discharge excitation of gas mixtures ccntaining predrminantly argon, about
10 percent Hp, and less than 1 percent HF. The first observations of HF
laser emission were made using the 5-tube plasma diode electron gun facil-
ity. The total gas pressure ranged from 50 to 760 torr, and the initial
gas temperature was 295 to 300 °K. A slow gas flow was maintained to clear
out the discharge chamber between pulses.

The added HF (0.2 to 0.5 percent) had a measurable effect on the
electric discharge current, indicating that dissociative attachment to
HF was comparable with dissociative recombination of molecular ions under
these conditions. This was discussed in more detail in Section 2.4.2.

The applied electric field (E/N) ranged from values of 0.3 x 107'¢ to

0.7 x 107" °®V-cm? ana resulted in maximum average electrical discharge
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currents of 8 to 10 A/cm?. The electrode spacing was 3 cm and the anode
was 5 cm wide by 48 cm Tong.

The Tlaser lines observed in various gas mixtures are shown in
Table VII. Only P-branch lines were seen. The times given in Table VII
are referred to the start of the electrical discharge pulse in the laser
gas and represent the time of onset and the time of termination of laser
emission for a single set of operating conditions in each gas mixture.

In Table VII it is seen that laser emission often occurs simultane-
ously on more than one rotationa] line of a particular vibration band.
This indicates a partial lack of rotational equilibration, although the
continuing shift from lower to higher J values throughout the pulse dur-
ation indicates that the rotational distribution follows the rising gas
temperature. This effect is similar to that observed in pulsed HF chem-
ical lasers by Suchard (Ref. 32). It is also seen in Table VII that there
is considerable correlation between laser emission on Py(J) and emission
on P,_1(J+1), indicating significant cascade coupling.

Laser emission from HF was also produced by electric discharges in
mixtures containing only Ar and HF, demonstrating that direct electron
impact excitation of vibration of HF is effective in producing a partial
inversion in the low vibrational levels of HF at room temperature. For
this mixture the optimum E/N was only 0.1 x 10°' ®V-cm? and the electrical
discharge current density was about 4 A/cm?3. Higher values of E/N could
not be used in Ar/HF mixtures due to early formation of an unstable elec-
trical discharge. It was found that HF concentratcions greater than 0.5
percent led to little or no laser emission because of the rapid V-R,T
decay rate of HF. The observed spectral lines for Ar/HF mixtures are sum-

marized in Table VII.




58

(ve-61) v81° v

(s2-s1) i v - ot £-v
(8g-2¢) vEL Y - £l
(9€-02) 680 v - 2t
(og-st) 9%0°t - L
(9v-51) 596 € , (2€-v2) v60°€ 6
(p2-s1) 126° € (8t-2¢) (£2-01) 8b0°€ 8
= (sv-¢£ ) (82-0L) (8L-01) S00°€ L
= (6 -9 ) (¢1-6) t96°2 9 Z2-€
(9€-£2) 666 "€ - £l
(ev-£L1) 9/8°¢ (8e-22) 666°2 ot
(ev-L1) L£8°€ (2e-11) ¥56°2 6
F (99-8 ) (o¥-21) (22-8 ) LL6°2 8
= (82-21) (¥v-9 ) (z¢-o01) 0.8°2 ¢ L-¢
s (£5-52) £28°2 6 0-1
40/%a/4y _ 40/4y 40  3H/SN _dH/ON/AY dH/AY  3H/CH/ 4y 4H _(0)d A
3ANIX LY Seyg wl ‘yjbuajarepm 3ANIX LY Seg wrl ‘yjbuajaaepm uoryLsuedaj

(sasoyjuaded ur usALb st 23St uL 3wr} 4403 Q02 *94NSS3Ud SBY) SU3se] 3burYISLQ IL43I3|]
30 pue jH UL P3AJ3SQQ S3UL] UOLIRIOY UOLIRUQLA BY] O SIUBWDUNSEIY 51d0IS04333dS PaA|0Say awl]

IIA 3iqeg




I e

59

The laser cavity intensity (on all Tines) is shown as a function of
time in Figure 23 for Ar/Ha/HF and Ar/HF mixtures. Also shown are the
e-beam current monitor, which is the internal plasma diode current (the
current through the foil shows a much faster fall off after 30 usec),
the applied discharge voltage, and the resulting discharge current density.
The laser cavity intensities are relative, and not the same for the two gas
mixtures. The laser intensity for Ar/HF mixtures was 1 to 2 orders of mag-
nitude lower than that for Ar/Hp/HF mixtures.

It is evident that both the discharge voltage and current are nuch
higher for the Ar/HZ/HF mixture than for the Ar/HF mixture. It is also
seen that the onset time and laser output pulse duration are about the
same for the two gas mixtures. The termination of laser emission for Ar/HF
mixtures is apparently related to the collapse of the glow discharge, as
indicated by the voltage dropoff after about 35 usec. The termination of
laser emission for Ar/HZ/HF mixtur>s occurs prior to the termination of
the glow discharge and is apparently related to the gas heating that has
occurred through the direct electric discharge excitation of H, rotation,
the V-R,T decay of HF and H2, and the drop off in electric discharge cur-
rent.

Very weak laser emission from HF was also observed in Ar/DZ/HF mix-
tures. It was verified that the emission with [l was an order of magni - '

tude smaller than that with Hp, indicating the importance of near-

resonant V-V transfer from H2 to HF.
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Ar/N,/HF and N,/HF Electric Discharge Laser Emission

While searching for multiple pulse fluorescence of the first and
second pos: .ive systems of No observed in Ar/Nz/HF mixtures (see Section
3.3), HF infrared laser emission was obtained at 2.8 to 3.1 um. The
lines observed are summarized in Table VII. Quite surprisingly, a 1-0
line was observed, which indicates a high vibrational temperature among
the Towest vibrational states of HF. In Figure 24 the inversion neces-
Sary to achieve gain on 1-0 P(9) rather than P(8) or P(10) is shown at
various gas temperatures. Assuming only slight heating by the discharge,
Ni1/Ng must be approximately 0.2 to 0.25 for the gain to exceed cavity
lTosses.

Gas mixtures were typically 90/10 Ar/No with 0.2 to 0.5 percent
HF producing optimum output at an E/N of 0.5 x 10"'°V-cm? and discharge
currents of 10 A/cm?. In the absence of Ar, laser output was observed,
but at considerably 7ower intensity; typical values of E/N were 0.5 x
107 t6 0.9 x 107" *V-cim? and discharge currents ranged from 4 to 6 A/cm?.

The pumping mechanism operating in the No gas mixtures may be

either (1) direct electron impact excitation of HF, with the N, serving

to create a favorable electron energy distribution function in the dis-
charge, or (2) a two-quantum V-V transfer process from N2(v = 2) to
excite HF(v = 1). The latter has been ruled out through probe laser mea-
surements which showed that the decay of HF(y = 1) following termination
of the electric discharge excitation pulse was very rapid and agreed

with the decay rate of HF due to collisions with HF and N2 (see Section
Enbrals W N2(v 2) were a significant source of vibrational enerqy

for HF, the decay of HF vibration would have been much longer.
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Time resolved measurements of laser cavity intensity for Ar/No/HF
mixtures are shown in Figures 25(a) and 25(c). It is seen here and in
Table VIT that the laser pulse duration is longer for Ar/No/HF mixtures
than for Ar/Hz/HF or Ar/HF mixtures, and that it is apparently terminated

by cutting off the electric discharge.

Rotational Equilibration in HF Gas Mixtures

The effect of helium on the total HF laser intensity in a high-Q
cavity is shown in Figures 25 and 26. As seen by comparing Figure 25(a)
with 25(b), the addition of helium increased the laser cavity intensity
by about a factor of 4 in Ar/He/Nz/HF mixtures compared to Ar/No/HF for
nearly ejual values of E/N and discharge current. The e-beam current was
adjusted in order to produce equivalent discharge currents at fixed E/N
for this comparison, since the added helium reduces the discharge current
for a fixed e-beam current. When the e-beam current was not attenuated
by running the plasma diode at low voltages and pressures, about the
same cavity intensity was observed in Ar/He/N»/HF and Ar/No/HF (compare
Figures 25(b) and 25(c)). However it is seen that the Ar/N,/HF mixture
required higher discharge current to achieve the same laser cavity in-
tensity. This is illustrated quantitatively in Figure 26.

The increase in cavity intensity in mixtures containing helium is
attributed to rotational relaxation of the HF by helium. Rotational
heating of HF by V-R,T decay processes has been observed previously in
measurements of vibrational decay of HF (Ref. 33). In those experiments,

heavy dilution by argon was required to provide sufficiently rapid rota-

tional relaxation cduring vibrational decay of HF. In our HF electric
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Figure 25. HF Laser Cavity Intensity in Ar/No and Ar/He/N» Mixtures at
200 Torr, Using 0.4 Percent HF
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discharge laser strong rotational excitation of HF occurs through V-R,T

decay and also by d'rect electron impact excitation of HF rotation. Thus
the addition of helium can reduce the HF rotational temperature by in-
creasing the rate of R-T relaxation. This in turn could increase the

partial population inversion responsible for laser emission.

Ar/D,/DF and Ar/DF Electric Discharge Laser Emission

Using the 5-tube plasma diode electron gun facility, laser emis-
sion was also observed in Ar/DZ/DF and Ar/DF mixtures at wavelengths
from 3.8 to 4.2 um. The total gas pressure used was 200 torr, and the
DF mole fraction was approximately 0.4 percent. As with the Ar/HF laser,
the value of E/N for Ar/DF mixtures was only 0.1 to 0.2 x 10~**v-cm? and
the discharge current density was about 4 A/cm2. The optimum E/N for the
92/7/0.4 Ar/D,/DF mixture was 0.4 x 107'°V-cm? and a maximum average dis-
charge current of 12 A/cm? was used. The observed wavelengths and onset
and termination times are given in Table VII.

Typical oscilloscope traces of DF(3 + 2) laser emission on several
rotational lines are shown in Figure 27. It is apparent that maximum
laser emission occurs sequentially at increasing J-values throughout the
pulse. This indicates significant gas heating and partial equilibration
of rotational populations by collisional processes. By contrast, the ob-
served time sequence in Ar/N,/HF mixtures shows strong laser emission
simultaneously on adjacent rotational lines indicating considerably less
collisional equilibration of HF rotation in Ar/NZ/HF mixtures,

Addition of only 3 percent 02 to an Ar/DF laser mixture completely

quenched DF laser emission. When an 89/10/0.3 mixture of Ar/N,/DF was

. - W, AR s e
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used, the HF isotopic impurity in the DF supply (about 10 percent) produced

laser emission at 2.9 um, but no laser emission from DF was observed. This
contirms the detrimental role of 02 and N2 on the DF laser (due to rapid
vibrational quenching of DF by O2 ard N2), and illustrates the importance
of careful gas preparation and purification.

The DF laser emission observed in these experiments was achieved
by eliminating the use of pre-mixed Ar/02 gas stored in conventional mild
steel gas bottles. Flowmecters connected directly to the pre-purified argon
and deuterium gas tanks by polyethylene tubing permitted mixing of the
gases as they were flowing into the discharge chamber. This apparently
yielded better gas purity thuan was achieved with the procedures used pre-
viously for pre-mixing Ar/02 samples.

HF Laser Emission Using the Ceramic Plasma
Dicde Electron Gun

HF laser emission observed in the new ceramic plasma diode electron
beam apparatus is presented in Table VIII. One new line is observed
(2-1 P(11)) and two lines (3-2 P(9), 3-2 P(7)) are missing for an
Ar/Hz/HF (89.9/10/0.2) mixture compared to the HF emission from the same
mixture in the five-tube plasma diode device (Table VII). The discharge
current density for the five-tube device was approximately 10 percent
higher than in the ceramic plasma diode. In addition, the vaiue of E/N
needed to produce approximately 9 A/cm? in the ceramic device was nearly
twice as large (approximately 1 x 107'°vV-cm?) as used in the five-tube

device. This indicates a greater degree of Jiswociation of H, for the

discharge conditions under which the data of Table VIII were taken.
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Table VIII

Time Resolved Spectroscopic Measurements of the Vibration
Rotation Lines Observed in HF Electric Discharges in
the New Ceramic Plasma Diode Electron Gun

Gas Mixture: Ar/Hz/HF (89.8/10/0.2)
Gas Pressure: 200 torr

Transition Time of Laser Emission™
Band J ‘ Wavelength (usec)
2-1 8 2.9 6-13
2-1 9 2.954 7-18
2-1 10 2.999 12-20
2-1 1N 3.046 17-19
3-2 8 3.048 8-13

*Relative to the start of discharge pulse.

2.4.4. Llaser Output Energy Measurements in
HF Gas Mixtures

An optical output coupler was added to the high-Q laser cavity used
in the HF laser experimencs by introducing a CaFp flat between one Can
Brewster anale window and one total reflector. The nommal to the CaF2
output coupler was rotated at various angles in a plane containing the
optical axis and the normal to the Brewster window. Thus, the round trip
output coupling for both surfaces ranges from near zero at the Brewster

angle to a maximum of 12.8 percent at near normal incidence (3.2 percent

per surface per pass). With the output coupler at 45 degrees to the
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optical axis, the output coupling is 2.3 percent, and with the normal at 30
degrees to the optical axis, it is 7.8 percent. In later experiments a 5-
inch focal length CaFp lens (2 inches diameter) was used to collect the
entire output energy and focus it down into the energy meter.

Output energy measurements were made for Ar/NZ/HF and Ar/He/NleF
mixtures using a "rat's-nest" energy meter (sensitivity 0.6 J/mv) having a
collecting aperture of 2 cm diameter. For 7.8 percent output coupling, 11
millijoules output was measured for (89/10/0.3) Ar/No/HF at 200 torr. This
corresponds to about 0.06 percent of the input discharge energy and an out-
put energy density of about 0.3 J/%-atm. £n Ar/He/Nz/HF (78/14/7/0.3) mix-
ture under nearly identical e-beam current, discharge voltage, and output
coupling gave approximately 65 percent of the output measured without
helium. Hence, any effect helium may have on the rotational equilibration
of HF (as noted in the previous section) is apparently offset by the re-
duced discharge current produced by the presence of large helium fractions
and/or by an increase in the V-R,T decay of HF caused by the helium.

Laser output measurements were also made for Ar/Ho/HF mixtures
(94/5/0.2). Using the same output coupling(7.8 percent) and energy meter
described above, 4 millijoules of laser output energy was obtained, which
is only about 30 percent of the maximum energy measured for Ar/No/HF mix-
tures. This reduced output energy may be due in part to the nonuniform
electric discharge, which produces regions of absorption as well as
regions of gain for Ar/Hp/HF mixtures. To overcome the effects of non-
uniformity, a uniform, 50-cm lTong, plasma diode electron beam was con-

Structed (Appendix A).
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